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, the thermodynamic stability is tuned by the average cation electronegativity. Thus, the chemical flexibility provided by incorporating H -enhances the tunability of thermodynamic stability, which will be beneficial in obtaining optimal stability for hydrogen storage materials. The transition metal elements from group 7 to 10 in the periodic table, along with copper and zinc form a variety of complex anions with symmetrically coordinating hydrogen atoms. 1 These anions form ionic bonds with the countercations, yielding a diverse set of complex hydrides. 2 These compounds have attracted attention due to their high hydrogen capacity, which is of practical interest as potential hydrogen storage materials, and much has been learned over the last several decades. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] A prototypical member of this family is the complex hydride Mg 2 FeH 6 composed of abundant elements. 3 This hydride has a high gravimetric hydrogen density of 5.5 mass% and shows reversible hydrogen release/uptake, but its high thermodynamic stability makes room temperature applications challenging. 1, 3, 4 In this regard, we recently reported a linear correlation between the standard heat of formation and valency-averaged cation electronegativity for the ðM; M 0 Þ 2 FeH 6 system, 5 which is based on the idea that the valence states are stabilized by the charge transfer from the electropositive cations to the complex anion. This correlation is useful for tuning stability by selecting the cations with the appropriate electronegativity, as has been reported in borohydrides. 12, 13 The octahedral FeH 6 unit contained in Mg 2 FeH 6 takes a tetravalent state, following the 18-electron rule, and thus, every possible combination of countercations is limited to four-fold, ) and two H -anions similar to the target material. Then, we replaced the complex anion with an FeH 6 unit, and both the internal atomic coordinates and lattice parameters were relaxed. After relaxation, a phonon calculation was performed to determine whether the relaxed structure was at the true minimum. If the imaginary phonon frequencies were observed, we slightly displaced the atoms along the directions of eigenvectors of the imaginary modes and further relaxed the structure to eliminate them. This procedure was carried out until the ground state was reached. For other compositions, relaxation was started from a structure replacing the Na and Mg in the obtained Na 2 Mg 2 FeH 8 structure with the desired cations.
Calculations were conducted using a plane-wave basis and projector augmented wave method 15, 16 generalized gradient approximation of Perdew, Burke, and Ernzerhof, 17 as implemented in Vienna Ab-Initio Simulation Package (VASP). 18, 19 Well-converged plane-wave basis sets were employed with cutoff energies of 600 and 5400 eV for the wavefunctions and charge density, respectively. A 6 Â 6 Â 2 grid was used for the k-point sampling of the Brillouin zone. The finite-temperature effect and zero-point energy contribution were estimated using the PHONOPY code 20 based on a supercell approach with force constants obtained from VASP calculations. We used a 2 Â 2 Â 2 supercell (208 atoms), in which cutoff energies of 600 and 5400 eV for the wavefunction and charge density, respectively, and a 2 Â 2 Â 1 k-point mesh were employed. Figure 1 (a) illustrates the crystal structure of Na 2 Mg 2 FeH 8 . The compound preserves the octahedral FeH 6 unit and isolated hydrogen atoms even after the relaxation. Figure 1 (a) was produced using the VESTA program (Ref. 23 ). In comparison with Na 2 Mg 2 NiH 6 , a translational symmetry along c-axis occurs, probably reflecting the higher point-group symmetry of the octahedral FeH 6 unit ðO h Þ relative to the tetrahedral NiH 4 unit ðT d Þ, and thus the unit cell size can be reduced by half (26 atoms, Z ¼ 2). The structural properties are summarized in Table I 8 , where the unit cell can crystallographically be taken as a triclinic structure and was reduced by half (13 atoms, Z ¼ 1), but we continued to use the 26-atom cell in calculations. In any case, the octahedral FeH 6 unit and isolated H atoms coexist in all the relaxed structures. The crystal structure data are summarized in Table II , and detailed structural properties are given in the supplementary material. 21 Figures 1(b) and 1(c) show the electronic band structure, total density of states (DOS), and H 1s, Fe 3d, Fe 4s, and Fe 4p projections for Na 2 Mg 2 FeH 8 . We checked for, but did not find any magnetic ordering in this compound. As explained below, the most important feature of the electronic structure is the presence of two distinct H states.
Before discussing the calculated electronic structure, we summarize the expected basic features on the basis of ligand-field theory. In the octahedral O h point-group symmetry of ligands, the six 1s states of H2 and H3 contained in the FeH 6 octahedra (hereafter referred to as H2 þ H3) form a symmetry-adapted linear combination (SALC) of a 1g , e g , and t 1u , while the Fe 3d, 4s, and 4p states decompose into t 2g and e g , a 1g , and t 1u symmetry states, respectively. They hybridize with each other, forming six bonding a 1g , e g , and t 1u , three nonbonding t 2g , and six antibonding a ? 1g ; e ? g , and t ? 1u symmetry states. In contrast, the 1s states of isolated H1 are expected to show much less hybridization with Fe states due to the absence of ligand-field effects. Given the higher electronegativity of H than that of Fe, the H1 1s states would appear far below the Fe 3d derived nonbonding t 2g states. Since the total electron count of Na 2 Mg 2 FeH 8 is 22 (44 per unit cell), the six Figs. 1(b) and 1(c) .
The two lowest bands from À7.9 to À6.3 eV are regarded as the a 1g states, as is evident from the strong mixing of H2 þ H3 1s and Fe 4s states that can be clearly seen in the corresponding projections. A manifold of 14 bands extending from À6 to À1.9 eV can be understood as a mixture of e g , t 1u , and H1 1s states; while there are noticeable cross-gap hybridizations of the H2 þ H3 1s states with the Fe 3d and 4p states, as may be seen both from the Fe character in the valence bands and the H2 þ H3 1s character in the conduction bands, the contribution from H1 1s states can only be seen in the valence states. The Fe 3d states give rise to the DOS peak just below the Fermi level, which is assigned to be t 2g states due to the absence of any H character. The contributions to the valence bands from Na and Mg states are negligible, and they are not shown here.
To summarize the results so far, the valence bands of Na 2 Mg 2 FeH 8 include the bonding a 1g , e g , and t 1u , non-bonding t 2g , and 1s states of isolated H1 and consist of eleven bands filled with 22 electrons per formula unit. Thus, while the H2 and H3 atoms form covalent bonds with Fe, the isolated H1 atoms exist as H -anions; the two distinct H states are clearly distinguishable in the electronic structure. The electropositive Na and Mg donate a total of six electrons per formula unit to the FeH 6 octahedron and isolated H1, taking the hexavalent state.
A similar bonding feature related to H is found in other compositions of ðM; M 0 Þ 4 FeH 8 . Figure 2 shows the H 1s and Zn 3d projections of ðM; M 0 Þ 4 FeH 8 . The electronic structures of all the compounds, except those containing Zn, evidently show the low-lying a 1g states followed by the mixture of e g , t 1u , and H1 1s states. For the Zn-containing compounds, 
